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EVALUATION OF A CONSTRICTED-ARC SUPERSONIC JET 

By Charles E. Shepard, Velvin R. Watson, 
and Howard A. Stine 

A constr ic ted-arc  supersonic je t  has been constructed and t e s t ed .  A n  
e l e c t r i c  a r c  o r ig ina t e s  i n  t h e  plenum chamber and i s  passed completely through 
t h e  supersonic nozzle i n t o  t h e  t e s t  section. The a rc  i s  maintained through t h e  
nozzle without d i s rupt ing  t h e  supersonic flow. High t o t a l  enthalpies  a r e  pro- 
duced by forcing t h e  gas t o  flow through t h e  arc  column within an elongated, 
well-cooled t h r o a t  t h a t  a c t s  t o  thermally cons t r ic t  t h e  discharge. 

The th roa t ,  or cons t r ic tor  tube, w a s  1/4 inch i n  diameter and approximately 
3 inches long. 
240 amperes and nitrogen flow r a t e s  from 3.1x10-4 t o  11.5X10'4 lb/sec.  
t o t a l  enthalpies  were determined by means of a balance between t h e  e l e c t r i c a l  
power supplied t o  t h e  gas stream and t h e  power losses  t o  t h e  var ious water-cooled 
components. 
gas at  t h e  downstream end of t h e  cons t r i c to r  tube. 

Performance w a s  determined for  a range of currents  from 108 t o  
Average 

Average enthalpies  i n  excess of 30,000 Btu/lb were measured i n  t h e  

The heating of t h e  gas i n  t h e  constant-area sec t ion  of t h e  nozzle w a s  
s tudied i n  d e t a i l .  
from t h e  gas t o  t h e  water-cooled cons t r ic tor  w a l l s .  The experimental r e s u l t s  
were compared with an ana lys i s  by S t ine  and Watson of an a r c  column with laminar 
conduction heat losses. It w a s  found t h a t  the ana lys i s  predicted all important 
t rends  i n  t h e  experimental da ta .  

Laminar conduction was the predominant heat loss mechanism 

INTRODUCTION 

I n  conventional plasma j e t s ,  such as the  one shown conceptually i n  f igu re  1, 
t h e  working f l u i d  i s  heated a t  constant pressure i n  an a r c  chamber before  being 
passed through a supersonic nozzle. Although i n  a su i t ab ly  arranged a r c  chamber 
t h e  gas within t h e  a r c  column can a t t a i n  high enthalpy, subsequent l o s ses  t o  t h e  
w a l l s  of t h e  plenum chamber and t h e  nozzle appear t o  l i m i t  t h e  maximum enthalpy 
ava i lab le  i n  t h e  t e s t  sec t ion  t o  about 15,000 Btu/lb i n  air  o r  ni t rogen ( r e f .  1). 

I n  t h e  constr ic ted-arc  supersonic j e t  reported herein,  an e l e c t r i c  a rc  
or ig ina t ing  i n  t h e  plenum chaniber i s  passed completely through t h e  supersonic 
nozzle and i n t o  t h e  t e s t  sec t ion  ( f i g .  2 ) .  
a r e  produced by forcing t h e  gas t o  f l o r t h r o u g h  t h e  a r c  column within an elon- 
gated t h r o a t  t h a t  a c t s  t o  thermally cons t r ic t  t h e  discharge.  

Enthalpies i n  excess of 30,000 Btu/lb 

Although " w a l l  constr ic ted" a r c s  a re  known t o  generate high enthalpy i n  a 
s t a t i c  gas, and have been studied f o r  many years ( r e f s .  2 and 3 ) ,  a high-enthalpy 
supersonic j e t  i s  d i f f i c u l t  t o  achieve by merely loca t ing  t h e  cons t r i c to r  within 
t h e  a r c  chamber upstream of t h e  aerodynamic throa t .  The heated gas cools very 



I rapidly,  and l a rge  lo s ses  appear i n  t h e  plenum chamber and t h e  nozzle. 
device shown i n  f igu re  2, however, t h e  cons t r i c to r  i s  a l s o  t h e  aerodynamic 
t h r o a t .  I n  addition, t h e  power ava i lab le  t o  t h e  gas throughout t h e  expanding 
por t ion  of t h e  nozzle compensates f o r  t h e  la rge  heat losses ,  and t h e  enthalpy 
achieved within t h e  t h r o a t  i s  maintained throughout t h e  expanding por t ion  and 
becomes avai lable  i n  t h e  t e s t  sect ion.  

I n  t h e  

The throa t  region shown i n  f igu re  2 i s  longer than i s  des i rab le  from a 
pure ly  aerodynamic standpoint,  bu t  provides a cy l ind r i ca l  cons t r i c to r  tube 
wherein the enthalpy can achieve high values with reasonably l o w  values of a r c  
cur ren t .  The r a t e  of enthalpy r i s e  i s  g rea t e s t  at t h e  beginning of t h e  th roa t  
region, where t h e  gas i s  coldest  and t h e  e l e c t r i c a l  res i s tance  i s  t h e  grea tes t .  
A t  some distance along t h e  tube, depending on t h e  mass flow, t h e  r a t e  of 
increase approaches zero, and t h e  en tha lpy tends  t o  an asymptotic value.  
flow i s  laminar, and i f  rad ia t ion  i s  unimportant, t h e  heating process i n  t h e  
cy l indr ica l  cons t r i c to r  i s  amenable t o  ana lys i s  ( r e f .  4), and t h e  r a t e  of 
enthalpy rise can be calculated.  

If t h e  

The purposes of  t h i s  report  a r e  threefo ld :  F i r s t ,  a descr ip t ion  of t h e  
components of t h e  constr ic ted-arc  supersonic j e t  and a r a t iona le  f o r  design w i l l  
be  presented. Second, da ta  consis t ing of de t a i l ed  measurements of t h e  heat l o s s  
and voltage d i s t r ibu t ions  along t h e  cons t r i c to r  w i l l  be discussed. Third, va r i -  
ous predict ions of t h e  laminar theory w i l l  be compared with t h e  experimental 
r e s u l t s .  

SYMBOLS 

A parameter of  t he  approximation cs = Acp used i n  reference 4, mho-sec/Btu 

A* nozzle th roa t  area,  f t 2  

spec i f ic  heat a t  constant pressure,  Btu/lb OF cp 
D diameter 

E voltage gradient,  v o l t / f t  

H 

'IE 

mass average enthalpy, Btu/lb ( reference value i s  0 a t  530° R) 

r ad ia l ly  averaged enthalpy, Btu/lb ( reference value i s  0 at  330' R) 

I current,  amp 

k thermal conductivity,  Btu/f t  OR see 

P power l o s s ,  Btu/sec 

P pressure, a t m  

2 



plenum chaniber pressure,  atm 

heat  f l u x ,  Btu/ft2 sec 

Z 

Z 

zO 

i v  

radius of the  current-carrying cylinder,  f t  

radius of cons t r ic tor  tube, f t  

temperature, R 0 

voltage,  v o l t s  

gas mass flow r a t e ,  lb/sec 

cooling water flow r a t e ,  lb/sec 

axial distance measured from f r o n t  surface of nozzle, f t  

axial  dis tance along t h e  column ( r e f .  4), f t  

Gcp/xk ( r e f .  4), f t  

ef f i c  iency 

conductivity function, /k dT, Btu/sec f t  ( reference value is -0.3 a t  0' R )  

e l e c t r i c a l  conductivity, mho/ft 

Subs c r i p  t s  

I P  p i l o t  a rc  

M main a r c  

X heat  exchanger 
I 

W t y p i c a l  water -cooled component 

C downstream end of cons t r ic tor  ( Z  = 0.23 f t )  

APPARATUS AND DESIGN CONSIDERATIONS 

Figure 3 i s  a sketch of the constricted-arc supersonic j e t  invest igated.  
The plasma j e t  consis ts  of three major p a r t s :  the upstream electrode,  the 
c o n s t r i c t o r  nozzle, and t h e  downstream electrode. Each of the  components w i l l  be 
described and performance requirements w i l l  be  discussed, s t a r t i n g  with the  cen- 
t r a l  port ion,  the  cons t r ic tor  nozzle. 
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The Constr ic tor  Nozzle 

A s  the name suggests, t he  cons t r i c to r  nozzle performs two functions.  The 
cy l indr ica l  cons t r ic tor  sect ion produces the  des i red  enthalpy and the  smoothly 
contoured nozzle produces the  desired supersonic flow. 
cy l indr ica l  cons t r ic tor  i s  chosen t o  choke the  desired mass flow a t  a desired 
pressure,  and t h e  length of it i s  s u f f i c i e n t  t o  allow the  s tagnat ion enthalpy 
t o  approach a desired asymptotic value. 

The diameter of the  

A s  explained i n  reference 4, the  asymptotic enthalpy a t  a f ixed  gas flow 
ra te  increases w i t h  t he  r a t i o  of a r c  current  t o  eons t r i c to r  diameter. 
mum enthalpy that  can be achieved without burnout i s  l imi ted  ul t imately by the  
maximum heat flux t h a t  can be absorbed by the  cons t r i c to r  w a l l .  
of the constr ic tor  nozzle must be adequately cooled along i t s  length.  

The m a x i -  

Thus, t he  w a l l  

W i t h  gas and current  specif ied,  t h e  arc-column voltage gradient imposed 
along the length of t h e  tube increases  both with m a s s  flow and with t h e  recipro- 
c a l  of column diameter. 
e l e c t r i c a l l y  insulated along i t s  length t o  accommodate the  impressed voltage 
gradient .  
charac te r i s t ics  are mutually incompatible i n  a s ingle  material, t h e  cons t r i c to r  
nozzle i s  a sandwich construction of a l t e r n a t e  layers  of insu la t ing  and heat-  
conducting material. The d e t a i l  design of t he  cons t r ic tor  nozzle i s  shown i n  
f igure  4. It cons is t s  of 13 water-cooled copper disks  insulated from each other  
by 0.025-inch-thick wafers of hot-pressed boron n i t r i d e .  
w a s  selected t o  permit a nominal p o t e n t i a l  difference between adjacent copper 
d isks  of no more than 40 v o l t s  a t  open c i r c u i t  conditions of t h e  ava i lab le  power 
supply. The disks  a re  0.20 inch th ick ,  except f o r  t h e  upstream- and downstream- 
end disks which are about 0.37 and 0.73 inch th i ck ,  respect ively.  
individual ly  cooled with high-velocity water flow i n  an annular passage surround- 
ing t h e  cent ra l  hole. 
copper disks.  
a nonconducting, pressure- t ight  seal. 

To prevent short  c i r c u i t s ,  t h e  cons t r i c to r  nozzle i s  

Since su f f i c i en t ly  good heat conductivity and e l e c t r i c a l  insu la t ion  

The number of gaps (12) 

Each d isk  i s  

The boron-nitride wafers a re  cooled by conduction t o  t he  
The disks  are cemented together  with an epoxy adhesive t o  provide 

The Electrodes 

The electrodes,  although inc identa l  t o  t he  behavior of t he  cons t r i c to r  
nozzle, are nevertheless important i n  the  ove r -a l l  performance and convenience 
of operation of the  constr ic ted-arc  supersonic j e t .  
(1) should have su f f i c i en t  current  -carrying capacity; ( 2 )  should not contaminate 
the  gas stream; ( 3 )  should not  r e l y  on o r  induce gas s w i r l  o r  excessive turbu-  
lence; ( 4 )  should not d i s turb  axial  syrmnetry. 

Ideal ly ,  the  electrodes:  

The upstream electrode.  - A pointed, thoriated-tungsten cathode rod i s  used 
as the  upstream electrode. 
i s  t h a t  the cathode spot a t taches quie t ly  t o  the incandescent t i p  and remains 
f ixed  i n  space on the  axis of symmetry. 
i n e r t  atmosphere, a sh i e ld  of nitrogen i s  required i f  a i r  o r  other  chemically 

The p r inc ipa l  reason f o r  t he  se lec t ion  of tungsten 

Because a tungsten cathode requires  an 
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active gas is to be heated. The flow rate of the protective gas can be much 
smaller than the main gas flow. For convenience, a commercially available plasma 
jet was used to provide the shield for the device of figure 3. 
ing the necessary shield, the commercial unit provides a pilot arc and enables 
convenient starting of the main arc. 

Besides compris- 

The downstream electrode.- The downstream electrode operates in the low 
pressure environment associated with a supersonic flow. Consequently, the arc 
attachment process becomes diffuse, and the arc foot spreads over a relatively 
large area of the anode. A multiple-element, water-cooled copper anode serves 
to promote axial symmetry and to limit the local current density so that it is 

about 75 amperes, can be maintained at a static pressure of 500 microns of mer- 
cury without erosion of the copper. 

unnecessary LO i i i ~ ~ e  tlie aiio& spots L i d l v l d ~ ~ l  EZS&C SL;S~Z,  C Z C ~ :  C Z ~ F ~ F - ; ~ Z ~  

The anode consists of 6 water-cooled loops of 1/4-inch diameter copper tub- 
ing. The anode segments each require a ballast resistor to promote equal divi- 
sion of the current among the six electrode elements. The ballast resistors are 
connected to a common positive terminal as shown in figure 3. Even though indi- 
vidualballast resistance of one ohm per segment is required, the total ballast 
resistance is only 1/6 ohm, owing to the parallel connection. 

Instrumentation and Data Analysis 

Measurements of the following quantities were carried out for the unit as 
a whole: total arc currents and voltages, cooling-water flow rates and tempera- 
ture rises, gas flow rates, and static pressures upstream of the constrictor 
nozzle. Detailed measurements were also made of the voltage drops between the 
cathode and the various constrictor-nozzle disks and of the cooling-water flow 
rates and water-temperature rises for each of the disks. Figure 5 is a schematic 
drawing of the arrangement of the instrumentation. 

The data-reduction technique is described in appendix A. Briefly, it 
consists of performing a balance between the electric power delivered to the 
electric arc and the power losses to the various water-cooled parts which sur- 
round the jet. The power balance can be determined locally for a portion of the 
constrictor nozzle, or it can be determined over-all for the entire system. The 
power absorbed by the downstream heat exchanger furnished data for comparison 
with the over-all power balance. 
absorbed in the gas by the measured gas flow. 

Enthalpy is calculated by dividing the power 

RESULTS AND DISCUSSION 

The constricted-arc supersonic jet was operated over a range of currents 
from 108 to 240 amperes and nitrogen flow rates from 3.l~10-~ to 11.4~10-~ lb/sec 
in order to determine the performance. The corresponding power input varied from 
35 to 55 kw.  It was convenient to use nitrogen for the majority of the tests, 
since the entire flow could be put through the pilot arc. Because recent 
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calculations (refs. 5 t o  9 )  show t h a t  a i r  and nitrogen have similar high- 
temperature propert ies  (see f i g s .  6 and 7 ) ,  it i s  believed t h a t  the r e s u l t s  of 
t e s t s  w i t h  nitrogen should agree q u a l i t a t i v e l y  with r e s u l t s  f o r  a i r .  For the  
purpose of t e s t i n g  t h i s  hy-pothesis, a mixture of 38-percent N, and 62-percent 
a i r  by weight w a s  used i n  some t e s t s .  
flagged on the  performance curves t h a t  follow. 

The data  points  f o r  t h i s  mixture a r e  

I, G H (power - losses), H (heat  exchange), 
amp 1b/secxlO4 Btu/lb Btu/lb 

135 4.4 15, ooo 14,100 
138 7 .4  14,500 13,900 

185 7.4 21,100 17,000 - 

Over - a l l  Measurements 

The over -a l l  measurements represent average values a t  the downstream end 
of t h e  constr ic tor  sect ion of the  nozzle ( Z  = 0.23 f t ) .  
stream of the  c y l i n d r i c a l  cons t r ic tor  tube exhibi ted considerable s c a t t e r  and 
gave evidence of the possible  existence of nonrepeatable modes of a rc  operation 
within the supersonic region. 
the  constr ic tor  tube, the  performance as evaluated a t  the  downstream end of the 
cons t r ic tor  i s  considered t o  be of most i n t e r e s t .  

Measurements made down- 

Since most of the t o t a l  enthalpy r i s e  occurs i n  

Constrictor voltage.-  The cons t r ic tor  voltage, defined as the voltage with 
Z = 0.23 f e e t j  i s  a function of a r c  cur-  respect  t o  the  cathode of the  d isk  a t  

r e n t  and nitrogen flow r a t e .  
with current i s  small, being approximately 10  v o l t s  over a current range from 
90 t o  240 amperes. 
a t  currents below about 140 amperes and a s l i g h t  pos i t ive  slope a t  currents  above 
140 amperes. 
about 25 v o l t s  f o r  a twofold mass flow r a t e  increase,  and i s  approximately l i n e a r  
f o r  t h e  flow range covered. 

As  i s  shorn i n  f igure  8, the voltage v a r i a t i o n  

For a given flow, the curve exhibi ts  a s l i g h t  negative slope 

As is shown i n  f igure  9, the  increase i n  voltage with flow rate i s  

Total  enthalpy.- The average t o t a l  enthalpy of the  gas which passed the 
cons t r ic tor  was  determined by the power balance technique described i n  appen- 
dix A. Figure 10 shows enthalpy s o  determined as a function of nitrogen flow 
r a t e  f o r  various currents.  The p lo t ted  points  indicated t h a t  enthalpies i n  
excess of 28,000 Btu/lb were achieved with currents of the  order of 240 amperes 
and mass flows of 7 ~ 1 0 - ~  lb/sec.  The over -a l l  enthalpy var ies  approximately as 
the  f i r s t  power of current and decreases with increasing flow r a t e .  
i o r  i s  fur ther  i l l u s t r a t e d  i n  f igure  11 where the  r a t i o  of enthalpy t o  current  
i s  p lo t ted  as a function of flow r a t e .  

This behav- 



reach equilibrium. The heat balance losses  do not include those through t h e  
uncooled windows ( f i g .  3 ) .  (The windows, i n  f ac t ,  l imited the  permissible cur- 
ren t  and t h e  durat ion of t h e  runs.) Therefore, t h e  enthalpy c o q u t e d  by t h e  
heat-balance method tends t o  be high. Moreover, t h e  short  sect ion of duct j u s t  
upstream of t h e  heat exchanger ( f i g .  5 )  was not instrumented t o  measure heat 
l o s s .  Thus, t h e  enthalpy deduced from the  heat captured by t h e  exchanger tends 
t o  be low. 
t h e  two l i s t e d  values.  

The t r u e  average enthalpy would be expected t o  l i e  somewhere between 

Eff ic iency.-  The e f f ic iency  of t h e  cons t r ic tor  i s  defined as t h e  r a t i o  t o  
t h e  e l e c t r i c  power del ivered t o  the  a r c  of the power remaining i n  t h e  gas a t  t h e  

power del ivered t o  t h e  gas, and t h e  power remaining i n  t h e  gas f o r  a current  of 
183 amperes a r e  shown i n  f igure  12 (a ) .  
ered,  t h e  power remaining, and t h e i r  r a t i o ,  the e f f ic iency ,  increase with 
increasing ni t rogen flow r a t e .  
r e n t s  i s  given i n  f igu re  12 (b ) .  
t o  current  but  i s  a strong function of gas flow r a t e .  

downstream end ur iiit: c e r i s t r . i C t f i i  tu10e ( Z  - 0 .23 ) .  zit. e f f i c i t . r i r ; y ,  tile e l e e t i t c  

All three quan t i t i e s ,  t h e  power de l iv-  

The cons t r ic tor  e f f i c i ency  f o r  a range of cur- 
It can be seen t h a t  e f f ic iency  i s  in sens i t i ve  

Stagnation chamber pressure. -  The highest enthalpies  were achieved a t  
subatmospheric stagnation pressures .  S t a t i c  pressure measured i n  t h e  stagnation 
chamber upstream'of t h e  cons t r i c to r  nozzle i s  shown i n  f igu re  13 as a funct ion of 
flow r a t e  and current .  The pressure ranged from about 1/4 t o  3/4 atmosphere f o r  
cur ren ts  from 108 t o  240 amperes and flow ra t e s  from 3.1X10'4 t o  11.5X10'4 lb/sec.  
Since t h e  cons t r i c to r  nozzle operates aerodynamically choked, t h e  pressure cannot 
be control led independently, but  increases  with increasing flow r a t e  and current .  
The pressure and gas flow r a t e  per  un i t  cons t r ic tor  a rea  can be cor re la ted  with 
enthalpy as shown i n  f igu re  14. The parameter G/A*po i s  approximately propor- 
t i o n a l  t o  He'.*, which one would deduce f o r  one-dimensional, equilibrium isen-  
t r o p i c ,  c r i t i c a l  flow (see  r e f .  IO). 

Local Measurements 

Detailed measurements of voltage and w a l l  heat f l ux  along t h e  cons t r i c to r  
were reduced using techniques described i n  appendix A. It i s  in s t ruc t ive  t o  
examine t h e  d i s t r i b u t i o n  with length of these quan t i t i e s  t o  understand t h e  l o c a l  
r a t e s  of heat generation and heat loss. These measurements a l s o  provide a b a s i s  
f o r  a comparison of experimental da ta  with theory. 

Local voltage.-  Since t h e  current  i s  constant along t h e  length of t h e  
cons t r i c to r ,  t h e  voltage developed between t h e  cathode and any d isk  i s  a measure 
of t h e  e l e c t r i c  power del ivered t o  t h e  f l o w i n g  gas up t o  t h e  d i sk  locat ion.  
i n  t h e  discussion of f igu res  8 and 9, where the over -a l l  a r c  vol tage w a s  shown 
t o  be r e l a t i v e l y  independent of current but  strongly dependent on gas flow r a t e ,  
t h e  vol tage i s  in sens i t i ve  t o  current change a t  a f ixed  flow rate. 
increases  strongly with increasing flow rate a t  f ixed  current ( f i g .  15). 

A s  

However, it 

Wall heat f lux . -  According t o  reference 4, t h e  d i s t r i b u t i o n  of w a l l  heat 
flux with length w i l l  vary d i r e c t l y  with t h e  enthalpy i n  t h e  cy l ind r i ca l  por t ion  
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of t h e  constr ic tor  nozzle. Therefore, t h e  m a x i m u m  cooling rate t h a t  can be 
established at  t h e  w a l l  determines t h e  maximum enthalpy t h a t  can be contained. 
Typical heat f l ux  d i s t r ibu t ions  with length a r e  i l l u s t r a t e d  i n  f igu re  16 f o r  
various currents and gas flow ra t e s .  
end of t h e  cons t r ic tor  nozzle and r i s e s  a t  a decreasing r a t e  toward a maximum 
value near t h e  downstream end of t h e  cy l ind r i ca l  port ion.  The heat f l ux  then 
decreases i n  the  supersonic region. The thermal conduction between d isks  w a s  
neglected; however, it may be  appreciable where la rge  axial temperature gradients  
e x i s t  i n  the disks ,  such as at t h e  entrance of t h e  divergent sect ion of t h e  noz- 
z le .  Therefore, t h e  ac tua l  w a l l  heat f l u x  may not  decrease near t h e  entrance t o  
t h e  divergent sect ion as does t h e  measured w a l l  heat f l ux  i l l u s t r a t e d  i n  f i g -  
ure  16. 
current and low mass flow, whereas t h e  lowest maximum heat f l u x  shown, 
1100 Btu/sec f t 2 ,  w a s  obtained with low current  and high mass flow. 

The heat f l u x  i s  moderate near t h e  upstream 

The highest heat f l ux ,  about 1630 Btu/sec f t 2 ,  i s  associated with high 

Local t o t a l  enthalpy.- The d i s t r i b u t i o n  of enthalpy along t h e  length of t h e  
cons t r ic tor  nozzle can be deduced from t h e  voltage and w a l l  heat f l u x  measure- 
ments. 
gas flow ra t e ,  represents  an average of whatever r a d i a l  d i s t r i b u t i o n  ex i s t s .  By 
means of the  one-dimensional power balance, it i s  found t h a t  t h e  change of power 
absorbed by t h e  gas pe r  un i t  length i s  equal t o  t h e  d i f fe rence  between t h e  elec-  
t r i c  power del ivered per  un i t  length and t h e  lo s s  pe r  un i t  length: 

The enthalpy, defined as t h e  net  power s tored i n  t h e  gas divided by t h e  

Measured values of t h e  two terms i n  t h e  right-hand s ide a r e  p lo t t ed  as a function 
of length i n  f igu re  17  for a t y p i c a l  run. The d i f fe rence  between t h e  two experi-  
mental curves, t h e  power gradient ,  i s  proport ional  t o  t h e  enthalpy gradient ,  
s ince the  mass flow does not depend on length.  A r e l a t i v e l y  high enthalpy gradi- 
ent  occurs at  t h e  cons t r i c to r  I n l e t .  
value near t he  downstream end of t h e  cons t r i c to r ,  and increases  i n  t h e  expanding 
por t ion  of t h e  nozzle. 

The enthalpy gradient drops t o  a minimum 

The in t eg ra l s  with respect  t o  length of t h e  curves of f igu re  17 a r e  shown 
i n  f i g m e  18. 
experimentally determined curves i s  proport ional  t o  t h e  ne t  power del ivered t o  
t h e  gas, from which t h e  enthalpy can be computed by dividing by t h e  measured mass 
flow. 
system. 

A s  i s  indicated on t h e  f igu re ,  t h e  d i f fe rence  between t h e  t w o  

The computation neglects  t h e  enthalpy of t h e  cold gas which en te r s  t h e  

The var ia t ion  of enthalpy with length along t h e  cons t r i c to r  i s  shown i n  
f igu re  19 f o r  severa l  values of current and flow r a t e .  The enthalpy l e v e l  and 
t h e  r a t e  a t  which it increases  i s  a function of t h e  current  and flow ra t e .  The 
enthalpy r i s e s  more quickly a t  low flow r a t e s  and i n  some cases reaches an asymp- 
t o t i c  value i n  t h e  cons t r i c to r  tube.  A fu r the r  increase i n  enthalpy takes  place 
as t h e  gas leaves t h e  constant a r ea  ( th roa t )  sec t ion  and en te r s  t h e  divergent 
(supersonic) region of t h e  nozzle. The change occurs near Z = 0.23 foot  and i s  
t h e  resu l t  of t h e  apparent drop i n  t h e  power lo s s  t o  t h e  w a l l  ( f i g .  16) . 

No doubt e x i s t s  t h a t  t h e  e x i t  flow i s  supersonic, s ince luminous shock 
diamonds a re  c l e a r l y  v i s i b l e  i n  t h e  discharge, and bow-shock waves a r e  formed 
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ahead of  b lun t  obstacles  placed i n  the  j e t .  
ing, supersonic flow apparently allows the t o t a l  enthalpy t o  increase while t he  
s t a t i c  enthalpy remains a t  a r e l a t i v e l y  low value. Although heat  addi t ion i n  
the  supersonic flow would tend t o  a l l e v i a t e  the r ad ia t ion  l o s s  t h a t  would o ther -  
w i s e  eventual ly  l i m i t  enthalpy obtainable i n  the cons t r ic tor ,  Cann ( r e f .  11) 
concludes t h a t  heat ing i n  the  supersonic flow would r e s u l t  i n  only marginal gains 
i n  t h e  s tagnat ion enthalpy. A t  t he  very least, t h e  e l e c t r i c  discharge through 
the  diverging sec t ion  appears t o  prevent t h e  cooling of t h e  plasma which would 
otherwise occur. 

The addi t ion of hea t  t o  the  expand- 

Comparison of Experiment With Theory 

I n  reference 4, S t ine  and Watson propose t h a t  the  cha rac t e r i s t i c s  of the  
cons t r ic ted  a rc  may be approximated by an ana ly t i ca l  model t h a t  neglects a l l  
hea t  losses  except r a d i a l  thermal conduction. Furthermore, the func t iona l  r e l a -  
t ionships  between the  three  s t a t e  proper t ies  of t h e  gas, enthalpy, thermal con- 
duc t iv i ty  po ten t i a l ,  and e l e c t r i c a l  conductivity a r e  l i nea r i zed  as  i s  i l l u s t r a t e d  
i n  f igu res  6 and 7. The theory predic t s  t h a t  t he  var iab les  current ,  pressure,  
gas flow r a t e ,  cons t r i c to r  length, cons t r ic tor  radius ,  and gas proper t ies  do not  
a l l  a f f e c t  t he  cha rac t e r i s t i c s  of the  constr ic ted a rc  independently; ra ther ,  t he  
cha rac t e r i s t i c s  a re  dependent only on various groupings of the  parameters. 
Enthalpy a t  any pos i t ion  i n  the  a rc  c o l m  can be expressed as  a funct ion of 
I/re, Cp/kA1’2, z / (kp / f lk) ,  and r/re; the heat f lux a t  any pos i t ion  on the  con- 
s t r i c t o r  w a l l  can be expressed as a function of 
a l t e r n a t i v e l y  a s  a funct ion of 
expressed as a funct ion of 

I/re2A1’2 and z/(+cp/gk) ( o r  
only) ,  and the  voltage gradient  can be Hk/cp 

reA1’2 and z/(Gcp/fik). 

The experimental data  w i l l  now be compared with the  theory t o  determine 
whether o r  not the  t h e o r e t i c a l  model approximates the  cons t r ic ted  a rc  and t o  
determine whether o r  not the  various groupings of parameters reduce the  experi-  
mental data.  Comparisons involving the parameter r/re cannot be ca r r i ed  out 
because measurements of the  r a d i a l  enthalpy d i s t r ibu t ions  i n  the  cons t r i c to r  were 
not made; only the  r a d i a l l y  averaged enthalpy w a s  determined. Furthermore, v a r i -  
ous t h e o r e t i c a l  ca lcu la t ions  of gas propert ies  disagree,  espec ia l ly  with regard 
t o  the  thermal conductivity p o t e n t i a l  (e .g . , refs .  6 and 8 ) .  
values of t he  terms cp/k and A, t he  slopes of  t he  s t r a i g h t - l i n e  approximations 
shown i n  f igures  6 and 7, respect ively,  cannot be se lec ted .  
and A a r e  therefore  deleted from the  parameters. The incomplete parameters 
w i l l ,  however, permit a comparison of the experiment with theory f o r  a p a r t i c u l a r  
working g a s , ’ i n  t h i s  case nitrogen. After  the p a r t i c u l a r  comparison is  made, the  
experimental determination of values of 
t a t i v e  comparison with theory w i l l  be discussed. 
of t he  experimental ( Z )  and t h e o r e t i c a l  (z) axes are assumed t o  coincide, despi te  
evidence t h a t  t he  e f f e c t i v e  o r ig in  of the cons t r ic tor  migrates downstream as 
mass flow increases.  

Thus, unambiguous 

The f ac to r s  cp/k 

cp/k and A which w i l l  enable a quant i -  
I n  what follows, the  or ig ins  

Figure 20 shows the  product of voltage gradient and cons t r i c to r  radius  as 
A curve with a shape prescribed by theory and with an a funct ion of z/c. 
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asymptotic value selected t o  b e s t  fit t h e  d a t a  a l so  i s  shown. It should be 
noted that  the  theory predic t s  t h a t  t h e  voltage gradient w i l l  be independent of 
current and w i l l  be  a strong function of flow r a t e  and a x i a l  posi t ion.  
parison shown on f igure  20 suggests t h a t  current does not s t rongly a f f e c t  t h e  
voltage gradient bu t ,  ra ther ,  t h a t  t h e  parameter 
var  i ab l e .  

The com- 

z/w i s  indeed t h e  important 

Figure 21 shows t h e  cons t r ic tor  w a l l  heat f lux  as a function of average 
enthalpy. 
i n  order t o  more e a s i l y  discuss t h e  assumption t h a t  r a d i a l  heat conduction i s  
t h e  dominant form of heat l o s s .  The gas flow r a t e s  a r e  l i s t e d  beside each da ta  
poin t .  The s t r a i g h t  l i n e  prescribed by theory i s  assigned a slope which b e s t  
f i t s  the data.  The theory predic t s  t h a t  t h e  heat loss w i l l  be a l i n e a r  function 
of  enthalpy and w i l l  be  independent of flow r a t e .  
a t i o n  of cons t r ic tor  w a l l  heat f l u x  with enthalpy predicted by the  theory.  
d a t a  fur ther  i l l u s t r a t e  t h a t  r a d i a l  heat conduction i s  t h e  dominant form of heat 
loss at t h e  moderate pressures of t h e  t e s t s .  I f  rad ia t ion  were important as a 
l o s s  mechanism, t h e  heat f lux  would increase more s t rongly than l i n e a r l y  with 
enthalpy, and i f  turbulent  convection were important, t h e  heat f lux  would 
increase with increasing flow r a t e .  

The enthalpy w a s  se lected as t h e  parameter r a t h e r  than I/re2 and z/c 

The da ta  show t h e  l i n e a r  var i -  
The 

The se lec t ion  of t h e  asymptotic value of t h e  curve i n  f igure  20 and t h e  
select ion of the  slope of t h e  s t r a i g h t  l i n e  i n  f igure  21 determines t h e  values 
of A and cp/k, respectively,  which allow a quant i ta t ive  agreement of experiment 
with theory. These values can now be compared with t h e  t h e o r e t i c a l l y  calculated 
values i n  f igures  7 and 6. The s t r a i g h t - l i n e  approximations shown i n  these f i g -  
ures  were, i n  f a c t ,  drawn a f t e r  the  experimentation and possess t h e  slopes A and 
cp/k, respectively,  which were obtained from f igures  20 and 21. 
give reasonable s t r a i g h t - l i n e  approximations t o  t h e  t h e o r e t i c a l  calculat ions of 
gas propert ies  by Hansen ( r e f .  5 ) ,  Viegas and Peng ( r e f .  7 ) ,  Ahtye ( r e f .  6 ) ,  and 
Yos ( r e f .  8) .  

These values 

The experimentally determined enthalpy, shown as a function of the param- 
e t e r s  
predicted by the theory, (For average enthalpies  i n  excess of 10,000 Btu/lb, 
rw FJ re;  SO I/rw can be subs t i tu ted  f o r  I / r e . )  The comparison i l l u s t r a t e s  
t h a t  the theory cor rec t ly  pred ic t s  the  increase of enthalpy with axial  distance 
and correct ly  pred ic t s  the  dependence of enthalpy on current .  It should be noted 
t h a t  one can use t h i s  t h e o r e t i c a l  curve t o  a i d  i n  the  se lec t ion  of a cons t r ic tor  
length which gives high enthalpy without unreasonable heat l o s s .  For values of 
z/(wcp/nk) grea te r  than 0.3, the  heat losses  a r e  la rge  and the increase i n  
enthalpy with a x i a l  dis tance is  small. z/(Gcp/nk) l e s s  than 0.05 the  
enthalpy of the  gas i s  much l e s s  than the asymptotic value. A cons t r ic tor  length 
equal t o  0 . 2  ( k p / x k )  gives a high enthalpy with moderate heat  l o s s .  

I / re ,  C ~ / ~ A ’ ’ ~ ,  and z/(Gcp/nk), i s  compared i n  f igure  22 with the  enthalpy 

For 

The theory, therefore,  agrees with the experiment for the  1/4-inch diameter 
constricted a r c  with nitrogen and a i r ,  and the parameters suggested do reduce 
the  experimental data .  The theory w i l l  have t o  be compared with experiments i n  
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constrictors of different diameters in order to test the scaling l a w s  predicted 
by the theory over the range of sizes for which the analytical model is a reason- 
able approximation. 

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field, Calif., Oct. 4, 1963 
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APPENDIX A 

INSTRUMENTATION AND CALCULATIONS 

To provide data  f o r  comparison with t h e  theory of reference 4, t h e  
performance o f  the  constricted-arc supersonic j e t  w a s  evaluated at various loca- 
t i o n s  within t h e  cy l indr ica l  cons t r ic tor .  
t h e  a r c  and the power losses  t o  t h e  various water-cooled p a r t s  were measured, 
and t h e  power absorbed by t h e  gas w a s  obtained by subtraction. 
enthalpy w a s  then determined as t h e  net  power divided by the  gas flow r a t e .  
Measurements were made of t h e  voltage between t h e  cathode and t h e  downstream end 
of t h e  constr ic tor  and of t h e  t o t a l  heat l o s s  up t o  t h a t  point  t o  provide data  
f o r  an over-al l  enthalpy determination. I n  addition, t h e  voltages appearing on, 
and heat losses  of t h e  various insulated sections of t h e  cons t r ic tor  were meas- 
ured t o  provide information for determining l o c a l  values of t o t a l  enthalpy. 
Figure 5 i s  a schematic drawing of t h e  instrumentation employed f o r  t h e  heat- 
balance measurements. 

Both t h e  e l e c t r i c  power supplied t o  

The t o t a l  

OVER-AIL MEASUREMENTS AND CALCULATIONS 

Steady-state measurements were made of t h e  following quant i t ies :  voltage, 

Voltages and currents  were meas- 
A precis ion r e s i s t o r  i n  t h e  

The gas flow r a t e  w a s  measured by a c a l i -  

A mechanical vacuum p q  provided a 

current,  gas flow ra te ,  s t a t i c  pressure i n  t h e  upstream plenum chamber, and 
power l o s s  t o  t h e  various water-cooled p a r t s .  
ured with meters having D'Arsonval type movements. 
voltmeter c i r c u i t  and a precis ion shunt i n  t h e  m e t e r  c i r c u i t  l imited measuring 
e r r o r s  t o  1/2 percent of f u l l  scale .  
brated rotometer and t h e  pressure upstream of t h e  cons t r ic tor  nozzle w a s  meas- 
ured w i t h  a d i f f e r e n t i a l  pressure gage. 
reference pressure of 6 microns of mercury t h a t  w a s  negl igible  with respect t o  
pressures being measured. 

The power absorbed by t h e  water-cooled p a r t s  w a s  calculated from t h e  cool- 
ing w a t e r  flow r a t e s  and t h e  temperature r i s e s .  
cal ibrated rotometers; t h e  temperature r i s e s  were measured by means of differen-  
t i a l  temperature transducers of t h e  type described i n  reference 12. The temper- 
a t u r e  signals were displayed on a 10-mil l ivol t  self-balancing potentiometer 
recorder. 

The flow r a t e s  were read on 

The t o t a l  power delivered t o  t h e  system w a s  calculated i n  the  following way. 
The a r c  power w a s  obtained by adding t h e  product of t h e  p i l o t - a r c  current and 
voltage t o  the  product of t h e  constr ic tor-arc  voltage and main a r c  current.  
constr ic tor  voltage w a s  measured between t h e  cathode and t h e  cons t r ic tor  d i sk  
a t  Z = 0.23 foot .  

The 

The net  power absorbed by the  gas w a s  taken as t h e  difference between t h e  
t o t a l  e l e c t r i c  power del ivered and t h e  power absorbed i n  t h e  cooling water. 
over-all  t o t a l  enthalpy w a s  obtained by dividing t h e  net  power by the  gas flow 
r a t e .  

The 
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For comparison, another over-al l  constr ic tor  enthalpy, based on the  power 
absorhed by t h e  heat exchanger, w a s  calculated for some of t h e  runs. 
absorbed by t h e  supersonic port ion of the  nozzle w a s  added t o  t h a t  of t h e  heat 
exchanger, whereas the  power delivered t o  the gas, t he  product of main current 
and t h e  difference between t h e  anode voltage and t h a t  a t  t he  downstream end of 
t h e  constr ic tor ,  w a s  subtracted from t h e  above sum t o  give t h e  net  power at  t h e  
cons t r ic tor  e x i t .  

The power 

The heat-exchanger enthalpy i s  then expressed as follows: 

'&'x 'nozzle + - -  'anode 'anode - vc I a = F +  + W 1054 

LOCAL MEASUREMENTS AND CALCULATIONS 

A s  shown i n  f igure  5 ,  t h e  cons t r ic tor  nozzle w a s  instrumented t o  allow a 
l o c a l  heat balance and thus t o  allow determination of t h e  longi tudinal  d i s t r ibu-  
t i o n s  of enthalpy. The net  power remaining in  t h e  gas a t  any longi tudinal  posi-  
t i o n  w a s  given by the  e l e c t r i c a l  power delivered t o  t h e  gas, minus t h e  t o t a l  
losses  t o  t h e  water-cooled constr ic tor  disks and other  cooled p a r t s  upstream of 
t h a t  point.  

The e l e c t r i c  power delivered t o  t h e  gas w a s  taken t o  be the  product of t h e  
main a r c  current and the  voltage difference which appeared between t h e  cathode 
and a pa r t i cu la r  constr ic tor  disk. One voltmeter w a s  switched i n  tu rn  t o  each 
of t h e  13 copper disks  t o  obtain these measurements. 

The power absorbed by each disk w a s  determined by measuring the  temperature 
r i s e  of t h e  cooling water with an iron-constantan d i f f e r e n t i a l  thermocouple pa i r .  
The cooling water flow r a t e  w a s  determined i n  a prerun ca l ibra t ion  by weighing 
t h e  water t h a t  passed through the  cooling passages of each disk during a given 
time . 
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Figure 1.- Conventional arc-heated supersonic j e t .  
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Figure 2 . -  The constricted-arc supersonic j e t .  
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Figure 4.- Detail of constrictor nozzle. 
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